Ferredoxin-dependent bilin reductases (FDBRs) are a class of enzymes reducing the heme metabolite biliverdin IXa (BV) to form open-chain tetrapyrroles used for light-perception and light-harvesting in photosynthetic organisms. Thus far, seven FDBR families have been identified, each catalysing a distinct reaction and either transferring two or four electrons from ferredoxin onto the substrate. The newest addition to the family is PcyX, originally identified from metagenomics data derived from phage. Phylogenetically, PcyA is the closest relative catalysing the reduction of BV to phycocyanobilin. PcyX, however, converts the same substrate to phycoerythrobilin, resembling the reaction catalysed by cyanophage PebS. Within this study, we aimed at understanding the evolution of catalytic activities within FDBRs using PcyX as an example. Additional members of the PcyX clade and a remote member of the PcyA family were investigated to gain insights into catalysis. Biochemical data in combination with the PcyX crystal structure revealed that a conserved aspartate-histidine pair is critical for activity. Interestingly, the same residues are part of a catalytic Asp-HisGlu triad in PcyA, including an additional Glu. While this Glu residue is replaced by Asp in PcyX, it is not involved in catalysis. Substitution back to a Glu failed to convert PcyX to a PcyA. Therefore, the change in regiospecificity is not only caused by individual catalytic amino acid residues. Rather the combination of the architecture of the active site with the positioning of the substrate triggers specific proton transfer yielding the individual phycobilin products.
Enzymes
Suggested EC number for PcyX: 1.3.7.6
Databases The PcyX X-ray structure was deposited in the PDB with the accession code 5OWG. 
Introduction
The majority of light-harvesting pigments belong to the class of tetrapyrroles and without a doubt, the cyclic chlorophylls are the most prevalent tetrapyrroles in nature. Nevertheless, chlorophylls absorb mostly blue and red light, leaving an immense amount of light energy unused. In order to surmount the limitations of their chlorophylls, cyanobacteria and red algae employ large protein complexes for light-harvesting, the phycobilisomes [1, 2] . These phycobilisomes incorporate phycobiliproteins with attached open-chain tetrapyrroles (phycobilins) as light-harvesting pigments [3] .
Phycobilins not only play an important role in the harvesting of light, but they can also be found as the light-sensing chromophores in phytochrome-like photoreceptors of plants, bacteria, algae and fungi [4] .
Phycobilins are all derived from heme and their biosynthesis is mediated by two classes of enzymes: heme oxygenases (HOs) and ferredoxin-dependent bilin reductases (FDBRs; [5, 6] ; Fig. 1 ). In a first step, the heme macrocycle is cleaved by a HO yielding the open-chain tetrapyrrole biliverdin IX, CO, Fe 2+ and H 2 O [7] . Photosynthetic organisms possess a-specific HOs, cleaving the heme macrocycle at the a-methine bridge yielding biliverdin IXa (BV) the substrate for Fig. 1 . Overview of the biosynthesis of bilins mediated by FDBRs. BV is the substrate of all FDBRs except for PebB. The small structures shown in brackets symbolize dihydrobiliverdin (DHBV) intermediates that are not released from the active site during the course of the reaction. The plant reductase HY2 catalyses the two-electron reduction from BV to PΦB. The biosynthesis of PCB is catalysed by the reductase PcyA in a formal four-electron reduction. The pink pigment PEB can be obtained in two different ways. In cyanobacteria, the reductase PebA catalyses the two-electron reduction of BV to 15,16-DHBV, which acts as the substrate for the reductase PebB. In contrast, the phage-derived reductases PcyX and PebS are capable of catalysing the whole four-electron reduction of BV over the intermediate 15, 16 -DHBV to PEB. The biosynthesis of the yellow pigment PUB is mediated by PUBS in a four-electron reduction from BV over 15, many FDBRs. However, it is noteworthy that other HOs with different regiospecificities exist in bacteria [8] . In the second step, BV is subsequently reduced to the specific phycobilins by FDBRs via a radical mechanism, employing reduced ferredoxin (Fd) as the electron donor [9] [10] [11] [12] . All FDBRs display the same overall a-/b-/a-sandwich fold but are capable of reducing open-chain tetrapyrrole molecules at specific positions, thereby leading to a variety of phycobilin pigments (Fig. 1) . FDBRs can be divided into two subgroups, depending on the number of electrons transferred during the reduction. One group transfers two electrons to the substrate, the other is capable of catalysing a formal four-electron reduction. In plants, phytochromobilin (PΦB) synthase (i.e. HY2 of Arabidopsis thaliana) catalyses the two-electron reduction of BV at the 2,3,3 1 ,3 2 -dien system of the A-ring to PΦB, the chromophore of plant phytochromes [13] . In cyanobacteria, the two-electron reductases PebA and PebB catalyse the synthesis of the pink pigment phycoerythrobilin (PEB). In the course of this reaction, PebA reduces BV at the 15,16-methine bridge between the C-and the D-ring to yield 15,16-dihydrobiliverdin (DHBV), the substrate of PebB. In the second step, PebB reduces DHBV at the A-ring 2,3,3 1 ,3 2 -diene system to 3(Z)-PEB [14] . As DHBV is an unstable intermediate, substrate channelling between the two reductases has been postulated [15] . In contrast, the synthesis of the blue pigment phycocyanobilin (PCB) in cyanobacteria is mediated by the reductase PcyA, a member of the four-electron reductases [14] . Initially, PcyA reduces the exovinyl group at the D-ring of BV, yielding the  intermediate  18  1 ,18   2   -dihydrobiliverdin  (18  1 ,18 2 -DHBV). In a subsequent reduction at the A-ring, PcyA catalyses the reaction of 18 1 ,18 2 -DHBV to PCB [16] . Furthermore, the reductases PebS, PUBS and PcyX were also found to catalyse formal four-electron reductions [17] [18] [19] . All three proceed via the intermediate 15,16-DHBV with PUBS yielding the rather uncommon phycobilin phycourobilin in nonvascular plants. Interestingly, PebS and PcyX are derived from phages, viruses that infect bacteria. A pebS-encoding sequence was discovered in the genome of cyanophage P-SSM2 and mediates the four-electron reduction from BV to PEB via DHBV, combining the activities of the cyanobacterial enzymes PebA and PebB [17] . For both PcyA and PebS, different reaction mechanisms have been postulated. PcyX is the newest addition to the FDBR family and is most likely not derived from cyanophages but rather from phages that infect alphaproteobacteria. It is capable of catalysing the same reaction as PebS [18] although both reductases share only 9% amino acid sequence homology. In fact, based on amino acid sequence alignments, PcyX is more closely related to PcyA-like enzymes. A closer look at the primary sequence revealed that PcyX possesses essential catalytic residues of PcyA, but lacks important catalytic residues of PebS. Therefore, it has been suggested that PcyX catalyses the reaction of BV to PEB, employing a PcyA-like reaction mechanism but targeting the 15,16-methine bridge instead of the D-ring exovinyl group [18] . Within this study, we aimed at understanding the underlying catalytic mechanism of this novel enzyme from phage with additional emphasis on the evolution of FDBRs.
Results
Phylogenetic trees based on amino acid sequence alignments thus far revealed seven clades with phageencoded PcyX being the newest addition [18] (Fig. 2 ; representing only microbial/phage FDBRs). Although the different FDBRs form distinct clades it is not necessarily possible to predict their enzymatic activity based on the phylogenetic tree nor based on conserved amino acid residues within the active site. This study was undertaken to contribute to the understanding of the evolution of catalytic activities within FDBRs with the PcyX family chosen as an example. The rationale for this was that based on amino acid sequence alignment one would have predicted PcyX being a remote member of the PcyA family catalysing the reduction of BV to PCB (Fig. 1) . However, a phylogenetic tree already suggested PcyX sequences forming a distinct clade. To confirm the PcyX clade, we, therefore, evaluated the catalytic properties of three other PcyX members including actinobacterium PcyX (sequence derived from single cell genomics on uncultured actinobacteria; WP_029636740), which is the most distant member of the PcyX clade in the phylogenetic tree (Fig. 2B ). In addition, we re-examined the Bradyrhizobium sp. ORS278 PcyA as this appears to be the closest 'nonPcyX' member [20] . For the overexpression in E. coli, synthetic constructs with the original sequences of the genes derived from metagenomic data (termed PcyX_-EBQ, PcyX_ECK and PcyX_actino in the following; see also marks in the phylogenetic tree Fig. 2B ) were employed.
PcyX_EBQ and PcyX_ECK are functional FDBRs catalysing the reduction of BV via DHBV to PEB Recombinant purified proteins were assayed using an anaerobic bilin reductase assay employing equimolar amounts of protein and substrate BV [18] . The enzyme activity was monitored for 30 min via UV-Vis (Fig. 3A,B) . For both reductases, a decrease in the BV absorbance at 660 nm was observed during the first minutes of the reaction. Furthermore, both proteins showed an increase of absorbance at 450 and 750 nm, which is due to the formation of substrate radical intermediates, as it has been described for other FDBRs [9] [10] [11] [12] . Freeze-quench EPR measurements employing samples taken from an anaerobic UV-Vis activity tests using ΦPcyX (EBK42635) and BV support this assumption, as the intensity of the EPR-signal correlates with the absorbance at 450 and 750 nm (data not shown). The absorbance of the radicals decreased during the next minutes in both reactions, but for PcyX_EBQ (Fig. 3A) , the decay was faster compared with PcyX_ECK (Fig. 3B) . Additionally, for both reductases, an increase in absorbance at 570 nm was observed approximately 4 min after the start of the reaction. This absorbance maximum can be linked to the formation of DHBV from BV. For PcyX_EBQ (Fig. 3A) , the absorbance shifted drastically from 570 to 540 nm during later stages of the reaction, which is caused by the reduction of DHBV to PEB. In contrast to PcyX_EBQ, the shift was not as distinct as in the reaction catalysed by PcyX_ECK (Fig. 3B) , indicating a decreased formation of PEB compared with PcyX_-EBQ.
Based on UV-Vis spectroscopy, both reductases seem to catalyse the reduction of BV to PEB via DHBV. In order to verify the nature of the products, HPLC analysis employing known standards was performed (Fig. 3C ). Comparing the elution profiles of the products of the different reductases confirmed that both PcyX reductases form DHBV and 3(E/Z)-PEB during the reaction. However, it turned out that PcyX_EBQ forms significantly more PEB than PcyX_ECK. The amounts of PEB were compared based on the total peak area obtained by both PEB isomers at 560 nm. This estimation revealed that the percentage of 3(E/Z)-PEB formed by PcyX_ECK was 14% and that of PcyX_EBQ was~54% (compared to~43% in our 'original' ΦPcyX [18] ). In comparison, the amount of the PEB isomers in the PebS reaction products was~85% of the total peak area at 560 nm.
Several side products occur under the chosen PcyX assay conditions
Closer inspection of the HPLC profiles of the PcyX_ECK reaction revealed not only DHBV and PEB as the sole products, but in addition several other unknown compounds were detected (Fig. 4A) . While we were able to identify the compound eluting at a retention time of 18.5 min as an impurity of BV, the nature of the peak at a retention time of 8.8 min remains unknown. Furthermore, two compounds possessing the same retention time (22.2 min and 28.0 min) as 3(E/Z)-PΦB were observed. To check whether these two products are indeed the two isomers of PΦB, peak fractions were collected, pooled and tested for their ability to bind apo-Cph1 in a coupled phytochrome assembly assay ( Fig. 4B ; [21, 22] ). The same was done for the two PΦB isomers obtained from an Arabidopsis thaliana HY2 activity assay employing BV as the substrate [13] (Fig. 4C) . Notably, all isolated products including those of the PcyX assays form photoactive Cph1 adducts (Fig. 4B,C) . Both phytochrome difference spectra were similar to each other with maxima (672 nm/674 nm) and minima (716 nm/715 nm) at almost the same wavelengths. Together with the HPLC analyses, this confirms that two of the side products of the reaction catalysed by PcyX_ECK are 3(E)-and 3(Z)-PΦB, respectively. Finally, we reinvestigated the original ΦPcyX ( [18] ; labelled EBK42635 in Fig. 2) and PcyX_EBQ for the occurrence of these products in their HPLC elution profiles, and indeed were able to identify the same side products as for PcyX_ECK (data not shown). This raised the question, whether PΦB is the product of an unspecific reduction of BV in the reaction mixture, or if it serves as an intermediate in the formation of PEB. Therefore, we performed activity assays with PΦB as the substrate for PcyX_ECK in which it was not further converted (data not shown). Thus, we conclude that the formation of PΦB occurs as an unspecific side reaction that might be due to suboptimal in vitro assay conditions. This is further supported by the small amount of these side products formed which was estimated to be less than 10% of total products formed (based on peak area integration).
The type of ferredoxin and its concentration has a drastic effect on the formation of PEB As reported earlier, the rate determining step in the PcyX-catalysed reaction is the conversion of the intermediate DHBV to the final product PEB [18] . To Time-resolved UV-Vis spectra of anaerobic bilin reductase assay employing equimolar amounts of PcyX_EBQ (A), PcyX_ECK (B) and BV, respectively. Spectra were recorded every 30 s, for clarity shown are only spectra for every 2 min. The spectrum of BV bound to the FDBR is the starting point of the reaction. The progress of the spectra is indicated using arrows and the formation of radicals is highlighted with asterisks. Peak absorbance is labelled with the respective bilin name. Bilin products were subsequently analysed using HPLC (C). The reaction products were resolved using a Luna 5 lm RP C 18 -column (Phenomenex) with acetone and 20 mM formic acid (50 : 50/v/v) as the mobile phase at a flow rate of 0.6 mLÁmin
À1
. Products were monitored at 560 nm and identified using the reaction products of PebS as standards.
gain further insights into the reaction and to optimize the reaction conditions, we tested several concentrations of cyanophage-encoded ferredoxin (Fd P-SSM2 ) [17] and their influence on PEB formation in activity tests employing ΦPcyX. To quantify the effect of the electron donor on the product formation, HPLC analyses of the assay products were conducted and compared to the ratio of the peak areas of PEB to DHBV. The results showed that a raise in the Fd P-SSM2 concentration from 1 lM to 4 lM led to an almost 9-fold increase of the PEB to 15,16-DHBV ratio. Moreover, when the Fd P-SSM2 concentration was increased to 20 lM and the concentration of the FNR was doubled to 0.02 lM, the PEB to 15,16-DHBV ratio rose 55-fold compared to the assay with 1 lM Fd P-SSM2 . In order to rule out that a lack of compatibility of the ferredoxin PetF from cyanophage P-SSM2 and the PcyX-like reductases is causing a rather slow catalysis, we tested other reductants. Therefore, a [2Fe-2S]-ferredoxin from spinach (Fd spinach ) and a vertebrate-like [2Fe-2S]-ferredoxin from Pseudomonas putida (i.e. putidaredoxin; Pd) together with its corresponding putidaredoxin reductase (PdR) [23] were tested for their suitability as electron donor for PcyX using a ferredoxin concentration of 4 lM. The HPLC analyses revealed a decrease of almost 50% in the PEB/DHBV ratio using Fd Spinach compared with Fd P-SSM2 , suggesting that this ferredoxin is less suitable than the ferredoxin derived from phage. Moreover, when we tested the Pd/PdR system as an electron donor, product formation was neither detected in UV-Vis spectroscopy nor during subsequent HPLC analyses. After a reaction time of 30 min only small amounts of DHBV and large amounts of BV were present (Fig. 5) . These results highlight the importance of the correct electron donor for the activity of the PcyX-like FDBRs and that thus far the cyanophage-encoded ferredoxin appears to be the most suitable electron donor for the PcyX reaction. The products were monitored at 680 nm using the assay products of mHY2 as standards. *, impurity of the BV stock; +, unknown compound. (B) Coupled phytochrome assembly assay employing apo-Cph1 and the purified and pooled PcyX-ECK side products eluting at 22.2 and 28.0 min. The calculated difference spectrum was smoothed using a 15 pt. Savitzky-Golay filter and shows a characteristic course with a maximum at 672 nm and a minimum at 716 nm. (C) Coupled phytochrome assembly assay employing apo-Cph1 and the mHY2 products 3(E)-and 3(Z)-PΦB. The calculated difference spectrum was smoothed using a 15 pt.
Savitzky-Golay filter and shows a characteristic course with a maximum at 674 nm and a minimum at 715 nm.
Biochemical data support the phylogenetic positioning of PcyX_actino and PcyA_Brady
Once we had confirmed that these new PcyX enzymes possessed the same catalytic activity as the originally described ΦPcyX [18] , we had a closer look at the more distantly related reductases PcyX_actino and the PcyA from Bradyrhizobium sp. ORS 278. The latter has previously indirectly been described to synthesize PCB from BV [20] . In contrast to the other enzymes of this study, PcyA_Brady was quite unstable. However, we succeeded to reproducibly perform anaerobic bilin reductase assays with both recombinant PcyA_B-rady and PcyX_actino. HPLC analysis of the reaction products clearly showed that the PcyX_actino indeed belongs to the PcyX clade catalysing the reduction of BV via DHBV to PEB (Fig. 6A) . PcyA_Brady, however, was confirmed to be a 'real' PcyA, converting BV via 18 1 ,18 2 -DHBV to PCB (Fig. 6B) .
Insights into the sequence and molecular structure of PcyX
Although PcyX shares the highest sequence similarity with PcyA, it formally catalyses a PebS-like reaction [18] . To gain a deeper insight into this unexpected catalytic activity, we determined the X-ray structure of ΦPcyX (EBK42635). The structure was refined at 2.2 A resolution and shows the typical a/b/a-sandwich fold, with a central antiparallel b-sheet, flanked by ahelices, as described before for other FDBRs [15, 24, 25] . Data, phasing and refinement statistics are given in Table 1 . The overall fold of PcyX is shown in Fig. 7A in cartoon representation. Missing parts of the final model are indicated by dotted lines. The missing residues 62-63 and 104-106 represent short connecting loops between secondary structure elements which were found to be disordered. The mobile residues 198- 200 in this substrate free PcyX structure are located between the distal a-helices near the substrate binding pocket. A similar situation was observed for the substrate-free structure of PebS (2VCL). There, the equivalent residues Asp206 and Pro207 are disordered and could only be resolved in the substrate bound state of the protein. Furthermore, the substrate free form of PcyA from Nostoc sp. 7120 (2G18) was solved with 12 molecules in the asymmetric unit and shows slight differences between the copies and no strong density for especially the sidechains of the corresponding Asp217 and Lys218 [26] . The larger missing stretch (116-147) relates to a long loop with only short secondary structure elements in PcyA and PebS. We assume that this part in PcyX adopts a similar fold as in PcyA and due to multiple conformations within the crystal is not represented by strong electron density. A major difference to other FDBRs can be observed for the orientation of helix H6 which is involved in forming the cavity of the active site. For PebA, PebS and PcyA, the corresponding helices are tilted by around 30°.
Structural insights into the substrate binding pocket of PcyX
Not surprisingly, a superposition of our substrate free PcyX structure with substrate free PcyA (2DKE) reveals a very similar binding pocket geometry (Fig. 7B) . On the proximal side of the binding groove, the strictly conserved Asp86 and the catalytically essential His88 of PcyA superpose perfectly with the corresponding Asp86 and His69 pair in PcyX. Glu76 in PcyA has been replaced by Asp55 in PcyX, retaining the carboxy moiety, but changing distances and flexibility slightly. Interestingly, two hydrophobic residues close to A and D-ring in PcyA have been replaced by sulfur containing amino acid residues. Ile86 in PcyA is replaced by Met67, whereas Val90 is substituted by Cys71 in PcyX. Both are strictly conserved in all PcyX sequences, but small hydrophobic residues in all other FDBR. Due to the disorder on the distal side of the binding pocket mentioned above, residues corresponding to Asn219 in PcyA or to Asp206 in PebS are not visible in our PcyX structure.
Since we only succeeded in crystallizing the substrate free form of PcyX, BV was manually positioned in the active site based on the arrangement in PcyA (2D1E) (Fig. 7D) . To relieve stereochemical clashes, the model geometry was idealized, applying harmonic restraints. As most residues in the active site of PcyA are conserved in PcyX, only moderate changes to the substrate free structure were needed to accommodate the substrate (Fig. 7C,D and Fig. 8 ). The extent of these movements is within the differences observed between the substrate free and substrate loaded PcyA structures [25] [26] [27] . As expected, Asp86 is ideally positioned to coordinate the tetrapyrrole nitrogen atoms of the substrate, consistent with all FDBR structures resolved so far [24] [25] [26] 28] . Here, a rotary movement was needed in the model, in agreement with the changes in PcyA upon substrate binding. In other FDBRs, substrate binding results in an induced fit movement of the distal loop region towards the active site. We expect similar changes in PcyX, which most likely would swing sidechains of the loop between H5 and H6 into the pocket, similar to the movement of Asn219 in the case of PcyA (Fig. 7B,C) . Most notably, among the possible candidates for such a rearrangement in PcyX, we find a potential proton donor, His200. Site-directed mutagenesis identified His69 and Asp86 as catalytic important residues
As PcyX possesses several amino acid residues that were shown to be essential for the activity of PcyA, individual PcyX variants were created to investigate whether these residues are also important for the function of PcyX. In addition, this approach was intended to pinpoint certain residues being involved in the transformation from a PcyA to a PcyX enzyme (or vice versa) with a change in corresponding activities. All variants were introduced into the original ΦPcyX sequence. Homologues of Asp86 are conserved in the whole FDBR family except HY2 and thought to serve as the initial proton donor for substrate protonation [10, 11, 24, 29] . In analogy to other reports, this residue was exchanged with Asn. The homologue of His69 in PcyA (i.e. His88 of Synechocystis sp. PcyA) was reported to be important for reprotonation of the central Asp and being involved in substrate coordination [29, 30] . Therefore, His69 was changed to Gln69. In addition, a conserved Glu76 in PcyA was identified to be essential for D-ring exovinylgroup reduction [26] . PcyX possesses an Asp at this position which was changed to an Asn.
Incubation of all three variants with BV led to binding spectra similar to WT, indicating that the variants were still able to form a PcyX-BV complex (Fig. 9 ). In agreement with our expectations, the D86N variant was unable to convert BV to neither the intermediate DHBV nor to the final product PEB. The observed changes in absorption upon addition of the reducing system are due to the stabilization of substrate radical intermediates and exhibit similar absorbance maxima as those observed for BV in the PcyA_D105N variant [29] .The H69Q variant displayed BV absorbance changes that look slightly different to those observed with PcyA_H88Q [29] . While the PcyA_H88Q variant also stabilized a BV substrate radical intermediate, it is unable to produce significant amounts of the intermediate 18 1 ,18 2 -DHBV. In contrast, the PcyX_H69Q also displayed the near-infrared (NIR) absorption indicative of a BV radical intermediate, but is still able to permit the reduction to DHBV (Fig. 9C) . Notably, the NIR absorption of BV in both PcyX variants differed significantly, suggesting that the chemical structure and/or environment of the two bilin radicals are distinct. Subsequent HPLC analyses confirmed that PcyX_H69Q [40] . To relieve stereochemical clashes, the model geometry was idealized using Phenix.geometry_minimization [39] applying harmonic restraints.
only produced DHBV with traces of PEB and still reasonable amounts of BV present after a 30-min assay.
As Glu76 of PcyA is central for exovinyl-reduction, we assumed that the corresponding Asp55 of PcyX might fulfil a similar function for C15-C16 doublebound reduction to DHBV. Surprisingly, PcyX_D55N was still able to form DHBV and PEB with UV-Vis spectra resembling those observed with the WT protein. Consequently, we can rule out a direct involvement in the first reduction step, as it is the case for PcyA.
Met67 and Asn198 are critical residues for PcyX activity
Based on the crystal structure and the amino acid sequence alignment, we next selected several residues unique to PcyX and located in close proximity to or within the active site. Met67 is predicted to be located close to the substrates D-ring (assuming that the substrate in PcyX is bound in a similar fashion as in PcyA). Cys71 is located on the other side of the active site, closer to the A-ring. Two additional amino acid residues located on the loop region covering the active site were also investigated: His200, highly conserved in the PcyX clade, and Asn198 being conserved in both, PcyX and PcyA. Again, the corresponding variants (i.e. M67I, C71A, N198D and H200Q) were tested in our standard assay. The assays revealed that all variants except PcyX_N198D showed WT-like BV binding spectra, suggesting that these variants are still able to form complexes with BV (Fig. 10) . Upon addition of the reducing system, the formation and the decay of BV radical intermediates within PcyX_M67I were observed. Interestingly, this variant was almost not able to reduce the substrate to the DHBV intermediate. Although Met being a rather inert amino acid residue, it seems very critical for catalysis. Despite its predicted close proximity to the substrate, Cys71 is not directly involved in catalysis as WT-like spectra were observed in time-resolved UV-Vis spectroscopy (Fig. 10B) . Interestingly, the activity assays employing PcyX_N198D displayed no characteristic BV binding spectrum with a distinct maximum at~660 nm (Fig. 10C) .
Nevertheless, UV-Vis spectroscopy revealed absorbance indicative for the formation of radical intermediates, but no DHBV or PEB was detected after 30-min reaction time. This result was confirmed by subsequent HPLC analyses (data not shown). Unexpectedly, PcyX_H200Q showed a faster turnover compared with the WT enzyme (Fig. 10D ). It quickly formed DHBV which was subsequently reduced to PEB. The following HPLC analyses confirmed an overall increased amount of formed PEB compared with WT. To quantify the effect of the mutations on the product formation, HPLC peak area integration was used to calculate the relative activities compared with WT (summarized in Table 2 ).
Discussion
The family of FDBRs is an interesting example in enzymology that the same overall fold and even BV is shown as a stick model, coloured light green for PcyA and dark green for PcyX. BV was manually placed in the active site of the substrate free PcyX structure, based on the position of BV in PcyA using Coot [40] . To relieve stereochemical clashes, the model geometry was idealized using Phenix.geometry_minimization [39] applying harmonic restraints. Residues, which are discussed in the text, are shown as sticks and are labelled accordingly.
conserved amino acid residues can still lead to distinct enzymatic activities using the same substrate but targeting protons to specific sites of the (in this particular case tetrapyrrolic) substrate. This study suggests that different catalytic mechanisms can eventually result in the same formal reaction. Thus far, seven clades within the FDBR family have been identified. Three members are two-electron reducing (i.e. HY2, PebA and PebB; see Fig. 1 ) and four members being four-electron reducing FDBRs. The majority of the latter proceeding via the intermediate 15,16-DHBV with only PcyA specifically reducing the 18-vinyl group of BV first. PcyA is also the best studied member of the FDBR family with a wealth of biochemical, biophysical und structural studies available including a recently published neutron scattering structure [9, 12, 16, [25] [26] [27] [29] [30] [31] . Therefore, the discovery of a PcyA-like enzyme (i.e. PcyX) in metagenomics data was not surprising at first sight as we had previously already reported the presence of PcyA in cyanophage genomes [17] . However, initial biochemical data revealed that in contrast to PcyA, this new enzyme from phage did not convert BV to PCB but to its isomer PEB. Formally, both reactions share the reduction of the 2,3,3 1 ,3 2 -diene system of the A-ring which in both cases represents the second reduction. Accordingly, PcyA reduces the 18- Fig. 9 . The Asp86/His69 pair of PcyX is critical for catalysis. Time-resolved UV-Vis spectra of anaerobic bilin reductase assay employing equimolar amounts of PcyX_WT (ΦPcyX = EBK42635) (A), PcyX_D55N (B), PcyX_H69Q (C), PcyX_D86N (D) and BV. Spectra were recorded every 30 s, for clarity shown are only spectra for every 2 min. The progress of the spectra is indicated using arrows and the formation of radicals is highlighted with asterisks. Peak absorbance is labelled with the respective bilin name.
vinyl group of the D-ring first, followed by the A-ring reduction. PcyX first targets the C15-C16 double-bond system of BV, followed by the A-ring reduction. Overall, the PcyX reaction appears much slower than all the other tested four-electron reducing FDBRs. Even after a 30-min assays, large amounts of the intermediate are still present. Whether this reduced velocity is of biological significance maybe because the DHBV is of some use for the phage during infection or whether it is due to our experimental condition is presently unknown. With regard to the latter, we have tested other reducing systems but obtained even weaker activity. In this context, it is worth mentioning that we discovered a gene encoding a putative [2Fe-2S]-ferredoxin in the metagenomics scaffold of our original PcyX sequence. This might be a hint that a different ferredoxin is the matching electron donor to PcyX. Unfortunately, initial experiments to overexpress and purify this ferredoxin yielded an inactive, unstable protein and therefore will be more thoroughly investigated in future experiments. This hypothesis is further supported by our data indicating that elevated ferredoxin concentrations also increase overall activity pointing towards a suboptimal electron transfer from ferredoxin to PcyX. Furthermore, the observation of side products is also indicative for suboptimal assay condition. Fig. 10 . Activity of structurally important PcyX variants. Time-resolved UV-Vis spectra of anaerobic bilin reductase assay employing equimolar amounts of PcyX_M67I (A), PcyX_C71A (B), PcyX_N198D (C), PcyX_H200Q (D) and BV. Spectra were recorded every 30 s, for clarity shown are only spectra for every 2 min. The progress of the spectra is indicated using arrows, and the formation of radicals is highlighted with asterisks. Peak absorbance is labelled with the respective bilin name.
His69 and Asp86 are critical residues both in PcyA and PcyX
In order to get insights into the potential reaction mechanism of PcyX, we had a closer look at the amino acid sequence alignment and also biochemical data we had obtained for the cyanophage PebS enzyme which also converts BV via 15,16-DHBV to PEB. It became immediately clear that based on the amino acid sequence, PcyX and PebS are quite different with PcyX lacking important amino acid residues for reduction [18] . This includes, for instance, Asp206 of PebS which was shown to be essential for the second reduction (i.e. A-ring reduction) ensuring the delivery of a proton from the distal side of substrate in PebS ( [10] , Fig. S1 ). Hence, we decided to have a closer look at the mechanism of PcyX focusing on the comparison to PcyA and furthermore trying to understand the evolution of the FDBR's catalytic activity.
PcyX indeed looks like a PcyA on first sight. Major catalytic residues of PcyA are also present in PcyX including Asp86, His69 and Asp55 (Fig. S1 ) [29] . Our data clearly show that the Asp/His pair is likewise important for PcyX activity as it is for PcyA activity. We propose that the initial protonation of BV is mediated by Asp86 or a water molecule which may be located in the active site upon binding of the substrate, as it can be found in PcyA [30] . Protonated BVH + is then more easily accessible for the first electron transfer from ferredoxin leading to the first substrate radical of the reaction. At this point, the mechanisms of PcyA and PcyX diverge as Glu76 is proposed to deliver the first proton for reduction followed by the second electron transfer and a final protonation from His88 in PcyA [12, 26, 30] . Based on our data, we can only speculate on the further steps of the PcyX reaction. At this point, we can rule out that Asp55 adopts the role of Glu76 in PcyX. Even the attempt to convert Asp55 into a Glu as it is realized in the sequence of PcyA_Brady with the intention to restore PcyA-like activity failed. The resultant protein variant was highly unstable but still had the ability to reduce BV to DHBV and PEB (data not shown). Therefore, potential candidates for the first reduction are Asp86 and His69. Our results using the PcyX_H69Q variant suggest that His69 is not essential for the first reduction, but might serve as a proton donor for the protonation of Asp86. The lack of a second acidic proton donor on the central beta sheet leads to the conclusion that the stereospecific protonation of C16 might be facilitated by Asp86, like it has been proposed for PebS [10] . Reprotonation of Asp86 possibly involves a proton transfer chain from Arg50, Arg51, His53 and His69 to Asp86, as being found in PcyA (Fig. 7C,D, [26] ). The second reduction (i.e. reduction of the A-ring) might work in a similar way and is different to that of PebS as the proton donor from the distal side of the substrate is missing. Our putative candidate for this job had been His200, which, however, is not directly involved in the second reduction step. Instead of an impaired second reduction step, the PcyX_H200Q variant displayed higher activity, suggesting more efficient electron transfer maybe due to a better hydrogen bond network.
Met67 is crucial for the activity of PcyX
In addition to the Asp/His pair which seems to be directly involved in proton transfer, Met67 was shown to be crucial for PcyX activity. The PcyX_M67I variant was still able to form a BV radical, indicating that it permits initial electron transfer to BV, but does not allow the second electron transfer to produce DHBV. Therefore, we speculate that the mutation of Met to Ile led to a disturbance in the hydrogen bonding network of the residues or water molecules involved in the protonation of the BV radical. Interestingly, a mutation of the corresponding Ile86 to Asp86 in PcyA leads also to a complete loss of enzyme activity [31] . It has been speculated that the mutation results in a loss of the flexibility of the central Asp105, a property thought to be crucial for the catalytic activity of PcyA [30] . Furthermore, PcyA_I86D shows a displacement of Glu76, which is involved in the first reduction step.
Asn198 is essential for the correct binding of the substrate
The introduction of a proton donor at the distal side of the active site (i.e. PcyX_N198D), like it can be found in PebS, did not increase the rate of the second reaction step. The variant shows no typical BV binding spectrum with an absorbance maximum at 660 nm, indicating that it is not able to correctly bind the substrate. Interestingly, the mutant accumulates a radical intermediate, but is not able to form DHBV and PEB. We believe this is most likely due to the not optimal positioning of BV in the substrate binding pocket leading to a stalling of the catalytic cycle.
Conclusion and outlook
Within this study, we tried to shine some light onto the evolution and catalytic mechanism of phageencoded PcyX. With our investigation, we provided evidence that all enzymes grouping in the PcyX clade convert BV via DHBV to PEB. Judging from our biochemical data, we propose actinobacterium PcyX being the most diverged member of the PcyX clade (Fig. 2) . From the other side, Bradyrhizobium sp. ORS278 PcyA might be the most separated PcyA member that still employs BV to PCB reduction ( [20] , and Fig. 6B ). Our attempts to pinpoint certain amino acid residues did not give the expected results. We, therefore, believe that rather the architecture of the active site in combination with water molecules and the positioning of the substrate BV determines the regioselectivity of these enzymes. In the end, it nonetheless seems that two overall different mechanisms can be distinguished: one involving the critical Asp/His pair as in PcyA and PcyX and another lacking the proton transfer via His as found in PebS.
Experimental procedures

Phylogenetic tree
Multiple sequence alignments were created using ClustalX v2.1 [32] . Maximum likelihood phylogenetic trees were constructed using the phylogeny.fr pipeline [33] , including the PhyML v3.0 [34] and the WAG substitution model for amino acids [35] . One hundred bootstrap replicates were performed for each analysis. See [18] for the alignment used to construct the tree.
Chemicals
All chemicals used in this study were ACS grade or better unless stated otherwise. All assay chemicals were purchased from Sigma-Aldrich except for BV, which was obtained from Frontier Scientific.
Construction of expression plasmids and sitedirected mutagenesis
The pcyX_eck and pcyX_ebq genes are derived from the global ocean sampling expedition (GOS) dataset [36] . For the expression in E. coli, synthetic genes (Thermo Fisher) with the native sequence were cloned into pGEX-6P-1 (GE Healthcare) vectors giving an N-terminal fusion to glutathione-S-transferase (GST). The vectors were constructed with the NEBuilderÒ HiFi DNA Assembly Cloning Kit (New England Biolabs) according to manufacturer's instructions. The vector was linearized prior to the assembly by a restriction digest with EcoRI. DNA-fragments of the reductase genes with overlapping ends to the vector were generated via PCR. The synthetic genes served as templates and the primers can be found in Table S1 .
The pcyA_brady gene is derived from Bradyrhizobium sp. ORS 278 (CAL75167) and the pcyX_actino gene are derived from single cell genomics of uncultured actinobacterium SCGC AAA041-L13 (WP_029636740). For the overexpression in E. coli, synthetic genes were cloned into the pGEX-6P-1 expression vector. EcoRI and XhoI restriction sites were introduced by PCR, using the primers listed in Table S1 . PCR products were digested with the respective restriction endonucleases and ligated into the similarly cut vector.
The different variants of ΦPcyX were constructed using the QuikChange Ò Lightning Kit (Agilent) following the manufacturer's instructions. As template, we used pGEXΦpcyX as it was described before [18] . The primers used for the generation of the variants are listed in Table S2 . For reasons of clarity, we only give the sequence of the forward primers as the reverse primers are complementary to them. The sites where the mutations were introduced are underlined.
Production and purification of recombinant proteins
For the recombinant production of the proteins, LB medium containing the appropriate antibiotic (pET23a-pdR supplemented with 10 lgÁL À1 riboflavin) was inoculated 1 : 100 with an overnight culture of E. coli BL21(DE3) carrying the respective plasmid. The cultures were grown at 37°C and 90 r.p.m. (Innova Ò 44, New Brunswick Scientific) to an OD 578 between 0.4 and 0.6. Before the induction, the cells carrying pCwori-pd were supplemented with 12 mgÁL À1 ammonium ferric citrate (Carl Roth). After the temperature was decreased to 17°C (pGEX-pcyX_eck, pGEX-pcyX_ebq and pGEX-pcyX_actino), 20°C (pET23a-pdR and pCwori-pd) or 24°C (pET-cph1), the protein production was induced by the addition of isopropyl-b-Dthiogalactopyranoside at a final concentration of 0.5 mM (pGEX-pcyX_eck, pGEX-pcyX_ebq, pGEX-pcyX_actino and pET23a-pdR) or 1 mM (pET-cph1 and pCwori-pd). The cells were further incubated overnight and harvested by centrifugation for 10 min at 18 000 g and at 4°C on the next morning. The cells were stored at À20°C prior to use.
To improve the solubility of the PcyA from Bradyrhizobium sp. ORS 278, the chaperone pair GroES/GroEL was coexpressed with the reductase. Therefore, 10 L 2YT medium containing 60 mgÁL À1 ampicillin, 20 mgÁL À1 chloramphenicol and 1 gÁL À1 L-(+)-arabinose were inoculated 1 : 100 with an overnight culture of E. coli BL21(DE3) carrying the plasmids pGro7 (TaKaRa) and pGEX-pcyA_b-rady. The cells were grown at 37°C and 90 r.p.m. to an OD 578 of~0.6. After a temperature switch to 17°C, the expression was induced by the addition of isopropyl-b-Dthiogalactopyranoside to a final concentration of 0.5 mM. The cells were further incubated overnight and harvested by centrifugation on the next morning as described above. The variants of the GST-tagged ΦPcyX were produced, purified and stored as described for the WT protein [18] . Fd P-SSM2 and FNR were produced as described previously [17] .
All GST-tagged FDBRs were purified as described previously [18] . The proteins were concentrated using Vivaspin Ò 6 concentrators (Sartorius), and the concentration was determined using their absorbance at 280 nm. Extinction coefficients were calculated as described by Gill and von Hippel [37] .
The cells overexpressing Pd and PdR were thawed on ice and resuspended in 'low salt buffer' (20 mM Tris/HCl pH 7.8, 10 mM NaCl). After the addition of a spatula tip of lysozyme (Sigma-Aldrich) and DNaseI (Applichem), the cells were lysed using a microfluidizer (Microfluidics Corporation) at 15 000 psi. After a centrifugation at 4°C for 1 h at 43 000 g, the lysate was filtered through a 0.45-lm filter (regenerated cellulose, Carl Roth) and applied to a 5-ml HiTrap TM DEAE FF (GE Healthcare) anion exchange column. The column was washed with 8 column volumes (CV) of low salt buffer and eluted with a linear gradient to 50% (v/v) 'high salt buffer' (20 mM Tris/HCl pH7.8, 1 M NaCl) in 20 CV. Pd or PdR containing fractions were pooled and concentrated using Vivaspin Ò 6 concentrators (Sartorius) with a molecular weight cut off (MWCO) of 3.000 (Pd) or 10.000 Da (PdR). To improve the purity, the samples were loaded onto a Superdex TM 75 10/300 GL (GE Healthcare) size exclusion column. The column was equilibrated in TES-KCl buffer (20 mM TES/KOH pH 7.5, 100 mM KCL, 15% (v/v) glycerol). Pd or PdR containing fractions were pooled, concentrated, frozen in liquid nitrogen and stored at À80°C prior to use.
Sample preparation for PcyX crystallization experiments
For the crystallization experiments, the GST-tagged WT ΦPcyX (EBK42635) was produced as described before [18] . For the purification, the cells were resuspended in PBS and a spatula tip of lysozyme and DNaseI was added. The cells were lysed using a microfluidizer at 18 000 psi. The lysate was centrifuged for 1 h at 50 000 g. After the supernatant was filtered through an 0.45-lm syringe filter, it was loaded onto a freshly prepared gravity flow column, packed with Protino Ò Glutathione Agarose 4B (Macherey-Nagel). The column was washed using 10 CV of ice cold PBS and 5 CV ice cold 'PreScission Protease cleavage buffer' (50 mM Tris/ HCl, pH 7.0, 150 mM NaCl, 1 mM EDTA, 1 mM DTT). Afterwards, the column material was resuspended in 3 CV PreScission Protease cleavage buffer and 30 lL PreScission Protease (GE Healthcare; 2 UÁlL À1 ) was added to the suspension. The protease digest was performed under constant shaking for 20 h at 4°C. Subsequently, the suspension was transferred into a fresh gravity flow column and the flow through was collected. To remove all residual GST-tag the flow through was run through a freshly prepared glutathione agarose column. 
Data collection and structure determination
Oscillation data were collected at 100K on beamline ID30B at the European Synchrotron Radiation Facility (Grenoble, France) using a PILATUS 6M detector (DECTRIS) and a MiniKappa goniometer head (ARINAX). As molecular replacement, using models of PcyA and other FDBRs failed, 15 low-dose datasets with different kappa orientations (0°-140°) were collected at long wavelength (2.0664 A) for experimental phasing by single-wavelength anomalous dispersion of sulfur atoms. Diffraction data were processed and scaled using XDS and XSCALE [38] . Statistics of the scaled dataset are listed in Table 1 . No twinning was detected based on the intensity statistics. We used Phenix.autosol [39] to determine experimental phases and located 11 sulfur positions correctly. With Phenix.autobuild [39] , we calculated an incomplete model containing 153 residues in 10 fragments which was subsequently improved using Phenix.refine [39] and Coot [40] . At the N and C terminus, 19 residues could not be modelled. Additionally, we decided not to model several other residues (62-63; 104-106; 116-147; 198-200) due to weak or missing density. The final model was deposited in the PDB with the accession code 5OWG.
Bilin reductase activity test
The activity tests were conducted as described previously [18] with slight modifications. In this study, ferredoxin from cyanophage P-SSM2 (Fd P-SSM2 ) [17] , ferredoxin from Spinacia oleracea (Fd Spinach , Sigma-Aldrich), and ferredoxin from Pseudomonas putida (Putidaredoxin (Pd)) were used. The concentrations varied depending on the type of assay from 1 to 20 lM and were calculated based on the absorbance of the [Fe-S] cluster [17] . Depending on the type of assay, Ferredoxin-NADP + reductase (FNR) from Synechococcus sp. PCC7002 was used for the reduction of Fd P-SSM2 and Fd Spinach at a final concentration of 0.01 lM, 0.02 lM or 0.1 lM. For the reduction of Pd, the corresponding putidaredoxin-NAD + reductase (PdR) from
Pseudomonas putida was used at a final concentration of 0.75 lM. FDBRs and BV were used at a final concentration of 10 lM each. The reaction was started by the addition of an NADPH regenerating system consisting of 27 lM NADP + , 2.2 mM glucose-6-phosphate and 0.37 UÁmL glucose-6-phosphate dehydrogenase. The reaction was stopped by addition of a tenfold excess of ice cold 0.1% TFA. Bilins were further purified and dried as described before [18] .
HPLC analyses
The products of the bilin reductase activity tests were analysed using an Agilent 1100 series HPLC system with a Luna 5 lm reversed phase C 18 -column (Phenomenex). The mobile phase consisted of 50% (v/v) acetone and 50% (v/v) 20 mM formic acid. The elution was isocratic at a flow rate of 0.6 mLÁmin À1 . Products of interest were collected directly after the outlet of the UV-Vis detector, immediately frozen at À80°C and freeze-dried using an Alpha 2-4 LSC plus lyophilizer (Martin Christ GmbH) for further analyses.
Coupled phytochrome assembly assays
In vitro chromophore assembly of the phytochrome Cph1 with different bilins was carried out using the lysate of a pET-cph1 overproduction after centrifugation and filtration. The assembly was tested employing 50 lL lysate incubated either with 40 lM PΦB or with 4 lL of a bilin solution of unknown concentration for 30 min at RT in the dark. Afterwards, the volume was adjusted to 500 lL with PBS. Absorbance spectra were recorded after incubation for 3 min with red light (636 nm-Pfr spectrum) and after incubation for 3 min with far red light (730 nm-Pr spectrum). Difference spectra were calculated by the subtraction of the Pfr from the Pr spectrum [21, 22] .
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